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Zr-substituted perovskites La0.7Sr0.3Mn1−xZrxO3 with 0 艋 x 艋 0.20 were investigated by neutron
diffraction 共ND兲, magnetization, electric resistivity, and magnetoresistance measurements. ND
refinements reveal that substituted Zr4+ goes only to the Mn site. Because of its large size, this leads
to a Zr-solubility limit at x 艋 0.10. The x 艋 0.10 samples exhibit a rhombohedral structure 共space
group R3̄c兲 from 10 K to room temperature. For the x 艋 0.10 samples, the cell parameters a and c,
and volume increase continuously with increasing Zr content. In addition, the structural distortion of
the MnO6 octahedra increases with increasing Zr content. Zr-substituted La0.7Sr0.3MnO3 exhibits
metallic behavior at low temperature. The field dependent resistivity suggests that electron-electron
scattering is dominant and a two-magnon scattering process emerges with increasing temperature.
The contribution from the two-magnon scattering in resistivity becomes larger with increasing Zr
content. A maximum magnetoresistance 共MRmax兲 of 35% is obtained for the x = 0.03 sample at H
= 5 T. The MRmax shifts to a higher temperature region upon application of an external magnetic
field. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2749472兴
I. INTRODUCTION

The magnetotransport properties of the substituted manganese perovskites, La1−xDxMnO3 共D = Sr, Ca, Pb, Ba兲, have
been a subject of great interest because of anomalous magnetic and transport properties such as colossal magnetoresistance 共CMR兲, metal to insulator transitions 共MITs兲, and lattice dynamics associated with the phase transitions.1–5
The large magnetoresistance 共MR兲 effect that is strongly
correlated to a ferromagnetic and metallic state has been explained by a Zener’s double exchange 共DE兲 interaction with
Jahn-Teller 共JT兲 distortions in the MnO6 octahedron.6–9 Divalent dopants induce holes in the eg band near the Fermi
energy and eg electrons become itinerant. This accounts for
the electronic conduction and magnetic ordering. By the
strong Hund’s rule coupling, the spin of the eg electron in
Mn3+ is ferromagnetically coupled with the spin of the
neighboring t2g electron in Mn4+, which enhances hopping of
the eg electron by the factor cos共i,j / 2兲, where i,j is the
angle between the spins of their respective t2g electrons.
In the low temperature ferromagnetic region, T ⬍ TC, a
dominant T2 contribution in resistivity is generally observed
and has been ascribed to electron-electron scattering or
a兲
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electron-magnon scattering.5,10 An empirical Tn term, n
⬃ 2.5, is introduced to fit experimental results arising from a
combination of electron-electron, electron-phonon, and
electron-magnon scattering.11 In addition, a T4.5 contribution
from two-magnon scattering has been derived from the quantum mechanical interpretation of the classical DE
interactions.12 Recently, a small polaron hopping model has
been suggested as a prevalent mechanism for the low temperature electron conduction.13
As a crucial factor of the DE interaction, the ratio of
Mn3+ / Mn4+ of multivalent Mn has become the main focus of
manganese perovskite research. Many studies have been carried out by substituting rare earth atoms 共A site兲 with divalent atoms 共Ca, Sr, Ba, etc.兲 and also by introducing various
transition metals onto the manganese, B site.14–23
The choice of interest to replace Mn ions is nonmagnetic
Zr, having a 4+ valence state, no 3d electrons, and a larger
ionic radius than the Mn ion. The unique electronic properties of nonmagnetic Zr together with its expected dilution of
the magnetization should lead to the following: 共1兲 an increase in the lattice volume from substitution of the larger Zr
ion, 共2兲 changes in the electron carrier density and the number of electron hopping sites, and 共3兲 changes in the magnetic transition 共TC兲 arising from structural distortion of
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MnO6 octahedra. In this paper, we report the effects of replacing Mn with Zr in the La0.7Sr0.3MnO3 共LSMO兲 compound. The structural, magnetic, and electronic phase transitions and transport properties of La0.7Sr0.3Mn1−xZrxO3 with
0 艋 x 艋 0.20 were investigated by neutron diffraction, magnetization, electrical resistivity, and magnetoresistance measurements.
II. EXPERIMENT

Zr-substituted La0.7Sr0.3Mn1−xZrxO3, with 0 艋 x 艋 0.20,
was synthesized by a conventional solid state reaction
method. Highly purified La2O3, SrCO3, MnO, and Zr metal
were mixed in stoichiometric ratios, ground, and then pelletized at 3000 psi to 1 cm diameter. The pelletized samples
were fired at 1500 ° C in air for 12 h, and then reground and
sintered at 1250 ° C for 24 h in air. The sintered pellet removed from the oven at 900 ° C was then cooled down to
room temperature 共RT兲. X-ray diffraction of the powders was
carried out at room temperature using a SCINTAG diffractometer. Powder neutron diffraction experiments were performed at the University of Missouri-Columbia Research Reactor 共MURR兲 using neutrons of wavelength  = 1.4875 Å.
The data for each sample were collected between 2 = 5.65°
and 105.60° at 300 and at 10 K. Crystallographic structures
of the samples were determined by Rietveld refinement of
the neutron diffraction data using the FULLPROF program.24
Magnetic measurements were performed using a Quantum
Design superconducting quantum interference device
共SQUID兲 magnetometer and resistivity data were obtained
using a physical properties measurement system 共PPMS兲
共Quantum Design兲 with a standard four-point probe method.
III. RESULTS AND DISCUSSION

In
Fig.
1
x-ray
diffraction
patterns
of
La0.7Sr0.3Mn1−xZrxO3 at RT indicate that x 艋 0.10 samples are
single phase and all peak positions are indexed to
La0.67Sr0.33MnO2.91 共Ref. 37兲, space-group R3̄c. For x
艌 0.15, impurity phases appeared and were determined to be
SrZrO3 共Ref. 38兲 and La2Zr2O7 共Ref. 39兲. Powder neutron
diffraction 共ND兲 was performed at RT and 10 K to investigate detailed structural distortion and magnetic structure in
these compounds. Figure 2 shows the ND patterns of
La0.7Sr0.3Mn0.95Zr0.05O3 at RT and 10 K. All ND patterns
were fitted well with the R3̄c rhombohedral space group with
the atomic positions of La共Sr兲 at 6a共0 , 0 , 1 / 4兲, Mn共Zr兲 at
6b共0 , 0 , 0兲, and O at 18e共x , 0 , 1 / 4兲. Even though all magnetic reflections may be indexed with the same nuclear cell,
the P1 space group was used to fit the magnetic structure
because of its flexibility. For the x艌0.15 samples, the Pbnm
and Fd3̄m space groups were used to refine the SrZrO3 and
La2Zr2O7 phases. Magnetic contribution peaks are shown at
2 ⬇ 31.5° and 55.8°. Refined lattice parameters and magnetic moments for the 0 艋 x 艋 0.20 samples are listed in
Tables I and II.
Because the ionic radius of Zr4+ 共0.72 Å兲 is larger than
the ionic radii of Mn4+ 共0.530 Å兲 and Mn3+ 共0.645 Å兲, Zr4+
might be considered to substitute at 共La3+, Sr2+兲 sites whose

FIG. 1. X-ray diffraction patterns of La0.7Sr0.3Mn1−xZrxO3 共x
= 0.0, 0.05, 0.10, 0.15, 0.20兲 at room temperature. Asterisks 共ⴱ兲 indicate the
diffraction peaks of SrZrO3 and sharps 共#兲 indicate the diffraction peaks of
La2Zr2O7.

ionic radii are 1.36 and 1.44 Å, respectively.25 However,
Rietveld refinement revealed that Zr4+ goes only to the Mn
sites, which suggests that charge valence matching dominates ionic size matching with a resulting distortion of the
MnO6 octahedra in these systems. This result is different
from that reported by Roy and Ali.26 Similar to previous
studies of Zr-substituted La1−xCaxMnO3,27,28 the Zrsolubility limit occurs around x = 0.10 and beyond that, excess Zr forms SrZrO3 and La2Zr2O7 phases.
For a perovskite structure, the solubility limit may be
predicted by calculating the valence state of the dopants and
the critical tolerance factor , which is defined as 共r共La,Sr兲
+ rO兲 / 关共r共Mn,Zr兲 + rO兲 冑 2兴, where r is the average ionic
radius.3,29 The tolerance factors of La0.7Sr0.0Mn1−xZrxO3 decrease linearly from 0.978 to 0.970 for LSMO and x = 0.10,
respectively. Considering the increments of the Mn–O bond
length and r共Mn,Zr兲 with increasing Zr content 共Fig. 3兲, Zr4+
may replace Mn4+, not Mn3+, which gives about a three times
larger increment than the measured value. Therefore Zr4+
substitution for Mn4+ produces ZrO6 octahedra, which give
rise to larger strains in the local MnO6 chains and induce a
local distortion which prohibits further Zr dissolution. However, considering the stability range of LSMO 0.89⬍ 
⬍ 1.02, the Zr-solubility limit into LSMO at x ⬃ 0.10 is relatively low. Two other explanations may be possible for the
low Zr-solubility limit: oxygen deficiency and interdiffusion
between LSMO and Zr compounds. At the x = 0.10 sample,
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FIG. 2. Neutron diffraction patterns of La0.7Sr0.3Mn0.95Zr0.05O3 at room temperature and at 10 K. Arrows indicate some of the major magnetic contribution peaks.

about 4.8% oxygen deficiency was observed from ND data.
If we assume that there are no vacancies at the 共La, Sr兲 A
sites, the oxygen deficiency drives the reduction of Mn4+ to
Mn3+ in order to maintain a charge balance. Thus as the
larger Mn3+ replaces Mn4+, Zr4+ substitution at the B site is
reduced. As the ionic radius of O2− 共1.4 Å兲 is larger than
Mn3+, oxygen deficiency will also slightly reduce the average 共Mn, Zr兲–O bond length. The above reasoning is prob-

ably not the only explanation if one considers the work of
Lau and Singhal,30 wherein they observed interdiffusion occurring across the interface between 共La, Sr兲MnO3 and
yttrium-stabilized ZrO2 共YSZ兲. In particular, the dissolution
of Mn3+ into ZrO2 produces thermodynamically stable
La2Zr2O7 with other Mn-substituted Zr oxides and accordingly lowers the Zr-solubility limit. Magnetization measurements of x = 0.20 in Fig. 4 confirm the existence of a Zrsolubility limit at x ⬃ 0.10 and interdiffusion between LSMO
and zirconates with its two magnetic transition temperatures.
The lattice parameters a and c and the lattice volume for
x 艋 0.05 increase with increasing Zr content and then remain
nearly constant at x = 0.10. There is essentially no oxygen
deficiency for x 艋 0.05, but as mentioned above, 4.8% of
oxygen deficiency is calculated at x = 0.10. The changes in
average bond length and bond angle resulting from the ionic
size mismatch on the Mn B site, the oxygen deficiency, and
the exchange interactions between Mn–Mn determine the nature of the electronic phase transition and the magnitude of
the magnetic ordering temperature TC. Since the effective
d-electron transfer interaction between the neighboring Mn
sites is governed by the exchange interaction via the O 2p
state, the electronic bandwidth W has been frequently used to
explain the magnetic and transport properties of ABO3-type
perovskites. Using the tight binding approximation, the
bandwidth W for a charge-transfer insulator is w
⬀ cos  / 共dMn–O兲3.5, where  = 21 共 − 具Mn– O – Mn典兲, dMn–O is
the Mn–O bond length, and 具Mn–O–Mn典 is the average bond
angle.31,32 Figure 3 shows the Mn–O bond length, Mn–
O–Mn bond angle, and calculated bandwidths W as a function of x. Up to x = 0.10, the average bond angle decreases
continuously with increasing Zr content while the average
共Mn,Zr兲–O bond length increases. The one-electron bandwidth W decreases with increasing Zr content at RT and
10 K. The decrease in bandwidth indicates a reduction in the
overlap between the O 2p and Mn 3d orbitals, which weakens the ferromagnetic exchange coupling of Mn3+ – Mn4+.
This in turn decreases the magnetic ordering temperature
TC.16

TABLE I. Refined parameters for La0.7Sr0.3Mn1−xZrxO3 compound 共x = 0.0, 0.03, 0.05, 0.10, 0.15, 0.20兲 with
R3̄c space group at room temperature 共T = 300 K兲. For x 艋 0.15 samples, Pbnm and Fd3̄m space groups are
used to refine the phases of SrZrO3 and La2Zr2O7 and they are not listed in this table. Numbers in parentheses
are statistical errors. a and c are the lattice parameters. V is the unit cell volume. m is magnetic moment. O共occ兲
is site occupation number of oxygen. 2 is 关Rwp / Rexp兴2, where Rwp is the residual error of the weighted profile.
Oxygen occupation number of x = 0.10 is fixed with the refined value at T = 10 K measurement, and oxygen
occupation number of x 艋 0.15 is fixed with the original stoichiometric value.
x
A 共Å兲
c 共Å兲
V 共Å3兲
m 共  B兲
2 共%兲
O, 18e , x
O, 18e 共occ.兲
B 共Å2兲, La共Sr兲, 6a
B 共Å2兲, Mn共Zr兲, 6b
B 共Å2兲, O, 18e

0.00
5.5038共2兲
13.3553共5兲
350.364共18兲
2.514共28兲
2.81
0.5422共2兲
0.498共3兲
0.882共33兲
0.423共54兲
1.221共25兲

0.03
5.5119共2兲
13.3643共5兲
351.618共2兲
2.207共46兲
3.07
0.5437共2兲
0.493共3兲
0.935共40兲
0.392共69兲
1.342共30兲

0.05
5.5231共2兲
13.3883共6兲
352.639共2兲
1.956共33兲
3.46
0.5449共2兲
0.492共2兲
0.893共34兲
0.197共61兲
1.384共25兲

0.10
5.5246共3兲
13.3902共8兲
353.928共3兲
1.307共50兲
4.04
0.5458共2兲
0.476共3兲*
1.069共49兲
0.462共86兲
1.502共34兲

0.15
5.5240共3兲
13.3928共8兲
353.268共5兲
1.320共79兲
4.48
0.5454共2兲
0.500
0.895共51兲
0.985共142兲
1.394共36兲

0.20
5.5304共4兲
13.4128共15兲
355.127共6兲
1.393共112兲
5.14
0.5475共2兲
0.500
0.805共68兲
0.803共197兲
1.340共481兲
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TABLE II. Refined parameters for La0.7Sr0.3Mn1−xZrxO3 compound 共x = 0.0, 0.03, 0.05, 0.10, 0.15, 0.20兲 with
R3̄c space group at T = 10 K. For x 艌 0.15 samples, Pbnm and Fd3̄m space groups are used to refine the phases
of SrZrO3 and La2Zr2O7 and they are not listed in this table. Numbers in parentheses are statistical errors. a and
c are the lattice parameters. V is the unit cell volume. m is magnetic moment. O共occ兲 is site occupation number
of oxygen. 2 is 关Rwp / Rexp兴2, where Rwp is the residual error of the weighted profile. Oxygen occupation number
of x 艌 0.15 is fixed with the original stoichiometric value.
x
a 共Å兲
c 共Å兲
V 共Å3兲
m 共  B兲
2 共%兲
O, 18e , x
O, 18e 共occ兲
B 共Å2兲, La共Sr兲, 6a
B 共Å2兲, Mn共Zr兲, 6b
B 共Å2兲, O, 18e

0.00

0.03

0.05

0.10

0.15

0.20

5.4811共1兲
5.5007共2兲
5.5070共1兲
5.5088共2兲
5.5018共2兲
5.5080共4兲
13.2756共3兲 13.3170共5兲 13.3314共4兲 13.3355共6兲
13.3177共7兲
13.3491共15兲
345.397共1兲 348.960共2兲 350.132共2兲 350.475共2兲
349.169共3兲
350.732共5兲
3.543共25兲
3.535共32兲
3.447共23兲
3.297共27兲
3.742共40兲
3.274共50兲
3.23
2.94
3.98
3.83
4.54
5.16
0.5431共1兲
0.5445共1兲
0.5448共1兲
0.5461共2兲
0.5437共2兲
0.5452共3兲
0.503共3兲
0.497共3兲
0.500共2兲
0.476共3兲
0.500
0.500
0.167共23兲
0.255共36兲
0.343共25兲
0.236共35兲
0.680共54兲
0.485共83兲
0.127共45兲
0.104共65兲
0.034共48兲
0.393共101兲
0.479共146兲
0.527共224兲
0.328共21兲
0.519共28兲
0.703共20兲
0.575共26兲
0.949共36兲
0.899共54兲

Figure 4 shows magnetization as a function of temperature 共M-T兲 under field-cooled 共FC兲 and zero-field-cooled
共ZFC兲 conditions in a magnetic field of 50 Oe. Magnetic
transition temperatures are obtained with TC = 367, 350, 343,
and 315 K for x = 0.00, 0.03, 0.05, and 0.10, respectively. A

FIG. 3. 共a兲 Average 共Mn,Zr兲–O bond lengths, 共b兲 共Mn,Zr兲–O–共Mn,Zr兲 bond
3.5
of
angles, and 共c兲 electronic bandwidth parameter, cos共兲 / dMn–O
La0.7Sr0.3Mn1−xZrxO3 共x = 0.0, 0.03, 0.05, 0.10兲 at room temperature and at
10 K.

sharp ferromagnetic to paramagnetic transition is observed
for x 艋 0.03, and the transition curves of the x 艌 0.05 samples
become broad. A -shaped magnetization curve in ZFC
emerges at x = 0.10, which may suggest an order-disorder
transition of ferromagnetic clusters near TC. Two magnetic
transition temperatures are observed for x 艌 0.15 samples: a
higher TC1 ⬃ 317 K for Zr-substituted LSMO and a lower
TC2 ⬃ 235 K for Mn-interdiffused zirconates. The higher TC1
is almost the same as the TC of the 10% Zr-substituted
LSMO, which may be explained as the formation of
La0.7Sr0.3Mn0.9±␦Zr0.1⫿␦O3 with other Zr-containing oxides.
The values of the magnetic moments from the saturation
magnetization measurements at T = 10 K, 3.60, 3.44, and
3.36 B, agree well with the magnetic moments from the ND
data at T = 10 K, Table II. Since ND measures only localized
moments, the values from bulk magnetic saturation magne-

FIG. 4. The magnetization vs temperature curves of La0.7Sr0.3Mn1−xZrxO3
共x = 0.0, 0.03, 0.05, 0.10, 0.20兲 measured under field cooling 共FC兲 and zero
field cooling 共ZFC兲 conditions in a magnetic field of 50 Oe.
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FIG. 6. 共a兲 The fitting curve of the resistivity of La0.7Sr0.3Mn0.95Zr0.05O3
under H = 5 T in the low temperature region. 共b兲 The relative deviation
关⌬ / obs共%兲兴 between observed data and fitted curve in 共a兲.

FIG. 5. 共Color online兲 Temperature dependence of resistivity of
La0.7Sr0.3Mn1−xZrxO3 共x = 0.0, 0.03, 0.05, 0.10, 0.15, 0.20兲 under magnetic
fields of H = 0 , 1 , 3 , 5 T.

tization measurements are slightly larger than those of the
ND measurements. When we consider the magnetic moments of Mn from its valence states with a spin only moment, taking into account the dilution effect of nonmagnetic
Zr4+, we obtain larger values of 3.61, 3.55, and 3.40 B per
Mn atom, for x = 0.03, 0.05, and 0.10, respectively, in good
agreement with the ND results.
Figure 5 shows resistivity as a function of temperature
under different applied fields for La0.7Sr0.3Mn1−xZrxO3 compounds with x = 0.0, 0.03, 0.05, 0.10, 0.15, and 0.20. All
samples show a residual resistivity 共0兲 below T ⬃ 40 K, and
0 increases with increasing Zr content. The temperature independent 0 may be ascribed to scattering processes that
arise from randomly distributed defects, oxygen vacancies,
and the grain boundaries. Because of contributions from the
inhomogeneous character of grain and domain boundaries,
the 0 of polycrystalline LSMO is larger than that observed
for films and single crystal samples.33 The sudden increase of
0 between x = 0.05 and x = 0.10 may be due to the insulatorrich grain boundaries induced by the oxygen deficiency.
In the previous studies of the low temperature 共T ⬍ TC兲
resistivity in the various kinds of rare earth manganites, several different equations have been used to characterized the
resistivity behavior. The low temperature resistivity of

LSMO has been well described by the T2 term, which was
interpreted as being due to an electron-electron scattering,5
while the T2.5 dependency has been shown in La1−xCaxMnO3
共LCMO兲 compounds.11 As our samples are in the ferromagnetic metal phase in the low temperature region, the magnonrelevant scattering contribution to the resistivity can be predicted. Therefore, additional T4.5 dependency needs to be
considered due to the 100% polarized two-magnon scattering
process derived from the quantum mechanical interpretation
of the double exchange mechanism.12 After fitting several
models within a limited temperature range, 20 K 艋 T
艋 120 K, we obtained better agreement with the following
equation:

 = 0 + ␣T2 + ␤共H兲T4.5 ,

共1兲

where 0 is residual resistivity, ␣ is a field independent term
of the electron-electron scattering process, and ␤共H兲 is a
field dependent term of the two-magnon scattering process.
Taking into consideration the electron-electron and twomagnon scattering processes, the results of the fitting with
Eq. 共1兲 in the low temperature ferromagnetic region for
La0.7Sr0.3MnO3 under H = 5 T are shown in Fig. 6共a兲. The
relative difference ⌬ /  between the data and fitted curve is
plotted in Fig. 6共b兲. The residuals of Eq. 共1兲 appear as random errors without any systematic deviation, which suggests
that the model is reliable. Table III lists the fitting parameters
for Eq. 共1兲 in the temperature range 20 K 艋 T 艋 120 K, under
H = 0 and 5 T.
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TABLE III. Fitting parameters of model I for the temperature dependence of resistivity in low temperature
region 共20– 120 K兲 using  = 0 + ␣T2 + ␤共H兲T4.5 for La0.7Sr0.3Mn1−xZrxO3, x = 0.00, 0.03, 0.05, and 0.10, under
n
n
H = 0 and 5 T. Adjusted R2 was calculated with 1 − 关共n − 1兲兺i=1
wi共ŷ i − ȳ兲2兴 / 关共n − m − 1兲兺i=1
wi共y i − ȳ兲2兴, where n is
the number of data points, m is the number of fitted points, y i is the observed value, ŷ i is the fitted value, and
 is the weight.
x

0共H = 0兲 共⍀ cm兲

␣ 共⍀ cm K−2兲

␤共H = 0兲 共⍀ cm K−4.5兲

Adjusted R2

0.00
0.03
0.05
0.10

0.0026
0.0111
0.0175
0.1048

0.938⫻ 10−7
3.400⫻ 10−7
6.143⫻ 10−7
2.290⫻ 10−6

1.229⫻ 10−13
3.497⫻ 10−13
4.184⫻ 10−13
6.118⫻ 10−12

0.9958
0.9979
0.9986
0.9955

x

0共H = 5 T兲 共⍀ cm兲

␣ 共⍀ cm K−2兲

␤共H = 5 T兲 共⍀ cm K−4.5兲

Adjusted R2

0.00
0.03
0.05
0.10

0.0020
0.0082
0.0114
0.0702

1.042⫻ 10−7
3.346⫻ 10−7
6.188⫻ 10−7
3.234⫻ 10−6

0.167⫻ 10−13
1.729⫻ 10−13
2.085⫻ 10−13
3.278⫻ 10−13

0.9967
0.9983
0.9993
0.9996

At low temperatures, a dominant T2 dependence of resistivity is manifested because the charge carriers are spin
polarized and the first order spin-wave interaction decreases
exponentially with decreasing temperature. We did not observed any reduction in the contribution of the T2 term to the
low temperature resistivity, which is interpreted as an indication of a single-magnon scattering process.34 In this temperature region, more than 95% of resistivity is described by
the T2 term for all samples. Figure 7 shows the reduction in
the contribution of resistivity with T2 with increasing temperature. The contribution of resistivity from the T4.5 term
increases with increasing temperature. For the x = 0.03
sample under H = 0 and 5 T, the contribution from the T4.5
term rapidly increases from 4.15% to 27.85% of the total
resistivity at T = 50 K and from 1.64% to 12.92% at 120 K.
For the low temperature region, all the magnetic moments in the ferromagnetic metal are completely spin polarized. When the temperature increases, the localized moments
begin to be thermally agitated and both phonons and mag-

FIG. 7. The respective contributions to the total resistivity from the
electron-electron 共T2 term兲 and two-magnon 共T4.5 term兲 scattering processes
in La0.7Sr0.3Mn0.97Zr0.03O3 in a magnetic field of H = 0 T.

nons are excited and interact with the conducting electrons.
Because the magnon is disturbed more readily than the lattice phonon with increasing temperature, the resistivity due
to the magnon becomes larger up to TC. The suppression of
resistivity by the applied magnetic field occurs in all
samples. According to the DE mechanism, the mobility of
the charge carrier eg electron improves if the neighboring t2g
spins are ferromagnetically polarized. The applied field
aligns the electron spins which should reduce the scattering
of the itinerant electrons, and thus the resistivity from the
electron-magnon and magnon-magnon scattering is reduced.
As expected, when the magnetic field is applied, the T4.5
term decreases rapidly. For the x = 0.03 sample at T = 100 K,
the contribution to the total resistivity drops from 19.66% to
8.60% and at T = 120 K, and the contribution to the total
resistivity drops from 27.85% to 12.92%, both under H
= 5 T, Fig. 7.
According to the Fermi liquid model, the electronelectron scattering process gives a T2 dependency of the resistivity but not necessarily the field dependency.35 A previous study has reported the ␣ term to be field independent
within 10%.33 Fits to our data in various fields confirm the
field independence of ␣ for x 艋 0.05 within ±2%. For x
= 0.10, ␣ increases by about 40% under H = 5 T, which may
be ascribed to grain boundary effects.
Several other models were also tested and compared
with the model of Eq. 共1兲. A simple  = 0 + ␣共H兲T2 model,
which considered electron-magnon interactions with the field
dependent coefficient ␣共H兲, fitted well in the limited low
temperature region but failed above T = 100 K. An experimentally based empirical model  = 0 + ␣共H兲Tn with various
powers of T also fitted with 2.4艋 n 艋 2.9, but n varied irregularly with the Zr content. In addition, other models displayed
that the residuals have systematic patterns as a sign of unreliable fitting. The upturn of the resistivity at T ⬃ 20 K occurs
for all samples, which may indicate the localization of charge
carriers and grain boundary effects as seen in La1−xSrxMnO3
near the metal to insulator transition.36
Figure 8 shows the temperature dependence of the magnetoresistance 共MR兲 of La0.7Sr0.3Mn1−xZrxO3 with x = 0.03
and 0.10 under applied fields of H = 1, 3, and 5 T using
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is lost and the material becomes paramagnetic. Within the
same concentration range, we do not observe such a transition. Their transport properties which show a decrease in the
MIT with increasing Zn concentration and the increase in
resistivity with increasing Zn concentration 0 ⬍ x ⬍ 0.1 are
consistent with our results for Zr. They attribute their results
mainly to the fact that the nonmagnetic Zn ion cannot participate in the double exchange: Mn3+ – O – Zn2+. This is in
agreement with our proposed mechanism except that we also
consider the contribution of the ionic size mismatch in producing distortion of the oxygen octahedral with subsequent
deviation of the DE chains from 180°.
IV. SUMMARY

FIG.
8.
Temperature
dependence
of
magnetoresistance
of
La0.7Sr0.3Mn1−xZrxO3 共x = 0.03, 0.10兲 under magnetic fields of H = 1 , 3 , 5 T.

MR= 共0 − H兲 / 0 ⫻ 100. The maximum MR peaks, MRmax,
become weaker and broader with increasing Zr content for
the x 艋 0.10 samples. The MRmax shifts to a higher temperature region upon application of an external magnetic field. A
MRmax of 35% was obtained at T = 303 K with the x = 0.03
sample under H = 5 T.
In conclusion, it is both interesting and informative to
compare the results of our studies with other substituted
LSMO made with replacement of the Mn B site by 3d transition metals 共TMs兲.14–23 The TM-substituted LSMOs all
have the R3̄c space group and exhibited a decrease in TC and
a metal to insulator transition 共MIT兲 occurs with increasing
substitution. However, the degree of reduction in TC and
saturation magnetization is proportional mainly to the ionic
size mismatch in the case of Zr4+. These effects are proportional to both the magnetic moments and ionic size mismatch
of the TM ions. In this regard, the highest TC’s are obtained
for Cr- and Co-substituted LSMOs.18,20 These are attributed
mainly to the large magnetic moments of Cr and Co ions and
to the formation of additional DE interactions Cr/ Mn and
Co/ Mn. In the case of Cr, Kallel et al.18 propose that a ferromagnetic DE interaction between Mn and Cr is formed
through the following dynamic oxidation-reduction process:
Mn3+ + Cr3+ ↔ Mn4+ + Cr2+. With increasing Cr content, the
Mn3+ – O – Mn4+ chains are replaced by Mn3+ – O – Cr3+.
However, the Cr chains are not equivalent to the Mn chains
because of the large deviation from 180° of the bond angle of
the Mn3+ – O – Cr3+ and Mn4+ – O – Cr2+ chains. Thus the randomly replaced Cr chains weaken the ferromagnetic ordering
and charge transfer. An interesting paper by SotirovaHaralambeva et al.17 present a study of the replacement of
Mn in LSMO with nonmagnetic Zn ions. Similarly to our
Zr4+ substituted LSMO, their magnetization decreased 共but
considerably more than for Zr4+ substitution兲 with increasing
Zn2+ concentration, and above x = 0.2 ferromagnetic ordering

The changes in the magnetic and electronic transport
properties of Zr-substituted La1−xSrxMnO3 were systematically investigated. Up to 10% Zr-substituted La1−xSrxMnO3,
the compounds have a rhombohedral structure with the R3̄c
space group. Beyond 10%, Zr substitution results in the formation of SrZrO3 and La2Zr2O7 impurity phases. The decrease of the bandwidth W decreases the overlap between the
O 2p and Mn 3d orbitals, which decreases the exchange
coupling of Mn–Mn and the magnetic ordering temperature
TC as well. The resistivity for the 20 K 艋 T 艋 120 K region
exhibits metallic behavior and fits well with an electronelectron and two-magnon scattering model. The electronelectron scattering process is dominant in the low temperature region and a two-magnon scattering process emerges
with increasing temperature.
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